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Isobaric expansibilityThe bilayer phase transitions from the ripple gel phase (P′β) to the liquid-crystal phase (Lα) of a series of 1,2-
diacylphosphatidylcholines containing a linear saturated acyl chain (C=14–19) have been studied by high-
pressure scanning microcalorimetry. It has been shown that at ambient pressure, the transition temperature
increases non-linearly depending on the acyl chain length. Pressure stabilizes the gel phase of lipids in a
similar way; the pressure derivatives of the logarithm transition temperature as function of pressure are
identical for all lipids. Based on the results obtained it has been concluded that the ratio γ of volume to
enthalpy increments upon transitions in 1,2-diacylphosphatidylcholines is not dependent on the acyl chain
length. When pressure grows, this ratio decreases drastically remaining identical for all lipids studied. Besides
it has been demonstrated that increments of coefﬁcients of thermal expansibility and isothermal
compressibility are also rigidly bound to each other. Semi-empirical equations permitting to estimate
volume parameters of the gel-to-liquid transition for 1,2-diacylphosphatidylcholines are given. The reasons
for invariance of γ are discussed.).
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The proportionality in the changes of transition enthalpy and
volume in lipids near the melting temperature is the subject of
extensive discussion [1–4]. The lipids of biological membranes and
intact biomembranes display chain melting transitions close to
temperatures of physiological interest. Throughout this transition
the heat capacity, volume and area compressibility as well as
relaxation times reach the maxima. It has been shown that under
deﬁnite conditions, there is a simple correlation between the excess
heat capacity and the changes in elastic constants, e.g. compressibility,
bending elasticity, relaxation times etc. in the region of the chain
melting transition. The existence of such a relation allows for an easy
estimation of the changes in elastic constants of membrane using the
excess heat capacity in the transition range [1]. Based on this it was
predicted that solution propagation in biomembranes and nerves is
quite possible [5]. The key parameter relating mechanical and
thermodynamic properties of membranes is the ratio
ΔV
ΔH
= γ. Here
ΔV and ΔH are changes (increments) in the volume and enthalpy of
transition, respectively.The simplest way to ﬁnd out the ratio γ may be the use of high
pressure. Indeed, the dependence of the transition temperature on
pressure is determined by the Clausius–Claperyon relation:
γ Pð Þ = ΔV
ΔH
=
d lnTm
dP
:
Thus, the measuring of the dependence of transition temperature
on pressure is an easy way for estimating the γ value and its
dependence on P. It should be noted that in this manner γ can be
estimated with a high accuracy because of its independence of
normalization to concentration.
At present several papers devoted to the affect of high pressure on
different transitions in lipids are known [6–13]. For transitions of the
same nature the available data show proximity of pressure derivatives
of transition temperature. However there is no systematic analysis of
the inﬂuence of lipid chemical structure on the γ value. What is more,
previously we demonstrated [14] new possibilities allowing to
establish a link between increments of thermal expansibility and
isothermal compressibility for transitions in lipids.
This study is devoted to examination of the inﬂuence of acyl chain
length of homologous lipids (1,2-diacylphosphatidylcholines) on the
temperature of the transition from the ripple gel P′β phase to the
liquid-crystal (Lα) phase at different pressure. The data allowed us to
make really important conclusions concerning the relation between
the changes in volume and enthalpy, as well as between the changes
Fig. 1. Partial excessive heat capacity of multilamellar dispersion of 15:0 PC in water at
different pressures. From left to right: 0.0981, 31.1, 63.6, 109.1, 151.5, 178.7 MPa.
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throughout transitions. The work is done with the use of a scanning
microcalorimeter that we have developed recently and have used for
studying the inﬂuence of high pressure on thermotropic transition in
16:0 PC (DPPC) [14] and denaturation transition of collagen [15].
2. Materials and methods
We used 1,2-diacylphosphatidylcholines containing linear satu-
rated acyl chains (Avanti Polar Lipids, Inc., Alabaster, USA) with
acyl chain lengths from 14 to 19 carbon atoms namely 14:0 PC
(DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine; 15:0 PC,
1,2-dipentadecanoyl-sn-glycero-3-phosphocholine; 16:0 PC
(DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; 17:0 PC,
1,2-diheptadecanoyl-sn-glycero-3-phosphocholine; 18:0 PC
(DSPC), 1,2-distearoyl-sn-glycero-3-phosphocholine; 19:0 PC, 1,2-
dinonadecanoyl-sn-glycero-3-phosphocholine.
To prepare dispersions of multilamellar vesicles, a portion of dry
lipid powder was mixed with pure water hydrated during 1–2 h at
room temperature, and then vortexed for 20 min at 45 °C (above the
melting temperature of the lipid bilayer) [16].
Calorimetric measurements were made on a scanning microcal-
orimeter SCAL-3HP at scanning rates 0.25 K/min and at pressure up to
200 MPa. The instrument was designed at the Institute of Protein
Research, RAS, in collaboration with Scal Co. Ltd. (Pushchino, Moscow
Region). The differential scheme of recording used in the instrument
was similar to that in the Scal-1 scanning microcalorimeter [17]. The
payload volume of the cells is 0.3 ml. The calorimeter allows taking
measurements at heating rates from 0.1 through 2 K/min in the
temperature range of 10–100 °C.
The lipid concentrations in the experiments varied from 0.6 to
1.5 mg/ml. The excess heat capacity was evaluated by subtraction of
the linearly extrapolated initial and ﬁnal heat capacity functions in a
standard manner [18]. The transition temperature was accepted to be
the temperature of the maximum of heat absorption.
The microcalorimeter was calibrated by heat evolution in a
calorimetric cell with a standard electrical heater. The amount of
the preparation in the cell was corrected for the change in the solutionTable 1
The best approximation parameters of temperature dependencies on pressure of the gel to
14:0 PC 15:0 PC 16:0 PC
tm,atm/°C 24.4±0.5 34.2±0.5 42.3±
A/K MPa−1 0.21±0.02 0.22±0.01 0.23±
B 104/K MPa−2 −2.1±0.9 −2.3±0.7 −2.4±
Designations: A and B are coefﬁcients of the best second-order approximation tm(P)= tm,atm
and tm(P) are transition temperature at ambient pressure and pressure P, respectively.density upon pressure growing. The dependence of water density on
temperature and pressure reported in Ref. [19] was used for
calibration. Changes in the cell volume were neglected. Pressure
was measured with a standard manometer taking into account the
relation of the areas of the inner and outer plungers in the pressure
multiplicator. The mutual effect of temperature and pressure on
corresponding detectors was taken into consideration by preliminary
calibration of the instrument.
3. Results
By using a high-pressure scanning microcalorimeter we obtained
proﬁles of excess heat capacity for lipids with acyl chain length from
14 to 19 carbon atoms at pressure up to 200 MPa. Main heat
absorption peak on the proﬁles corresponds to the transition of lipids
from the ripple gel P′β phase to the liquid-crystal (Lα) phase. The ﬁrst
low-temperature slight peak corresponds to the transition between
lamellar (L′β) and ripple (P′β) phases. When pressure raises above
100 MPa this transition falls into two transitions L′β⟺LβI⟺P′β (LβI
is an interdigitated gel phase) [12]. As a result, heat effect of every
transition drops so that it cannot be measured reliably.
As an example, the high-pressure effect on the main transition in
15:0 PC is given in Fig. 1. Transitions of other lipids behave in the same
way. As seen from the ﬁgure, the proﬁles permit an easy estimation of
the temperature of the transitions as the temperature of maxima on
heat absorption curves. In particular, the transition temperatures at
ambient pressure tm,atm for 1,2-diacylphosphatidylcholines with the
acyl chain length from 14 to 19 carbon atoms, are given in Table 1.
Fig. 2 shows the dependency of this temperature versus the acyl chain
length of lipid. It is seen that at ambient pressure the transition
temperature is a slightly non-linear function of the size of an aliphatic
part of lipid. The increase of temperature with the growth of the acyl
chain length by one CH2 group varies from 9.8 °C to 6.5 °C. An increase
in the lipid size decreases the growth.
The stability of the gel phase enhances with pressure growth. The
corresponding transition from the gel phase to the liquid-crystal one
shifts to higher temperatures. Fig. 3A shows pressure dependencies of
the temperature of transition for all lipids we have studied. It is seen
that transition temperatures tm are slightly non-linear functions of the
hydrostatic pressure applied (P). The dependencies are described well
by quadratic functions of pressure:
tm Pð Þ = tm;atm + AP + BP2:
The results of second-order approximation are given in Fig. 3A as
continuous lines, and coefﬁcients of the best ﬁt function are listed in
Table 1.
It is well known from the classical physics that dependencies of the
absolute temperature Tm of phase transition on pressure are
determined by the Clausius–Claperyon relation:
dTm
dP
=
ΔV Tm; Pð Þ
ΔS Tm; Pð Þ
=
TmΔV Tm; Pð Þ
ΔH Tm; Pð Þ
;
where ΔV, ΔH and ΔS are changes (increments) of the partial volume,
enthalpy and entropy, respectively, throughout phase transition.liquid-crystal transitions for 1,2-diacylphosphatidylcholines.
17:0 PC 18:0 PC 19:0 PC
0.3 49.5±0.4 54.4±0.3 60.9±0.8
0.01 0.23±0.01 0.24±0.01 0.24±0.01
0.7 −2.2±0.8 −2.3±0.4 −2.1±0.8
+A*P+B*P2 of the transition temperatures dependencies on pressure P in MPa; tm,atm
Fig. 2. Dependency of transition temperature of 1,2-diacylphosphatidylcholines in
water at ambient pressure as functions of acyl chain length. Solid lines show best
quadratic approximations of experimental results.
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d lnTm
dP
=
ΔV
ΔH
= γ Pð Þ; ð1Þ
which permits estimation of the volume change to the enthalpy
change ratio for each lipid throughout phase transition. Thereto we
used quadratic functions that approximate the transition tempera-
ture. Fig. 3B shows the results of calculations. It is seen that γ(P) for all
lipids actually is identical and is a linear function of pressure. Thus,Fig. 3. Dependency of temperature of transitions from gel to liquid-crystal phase for
1,2-diacylphosphatidylcholines in water versus pressure (A) and dependencies of the
ratio of volume change to enthalpy change for the same lipids (B). The continuous line
shows the best approximations of the dependencies of quadratic (A) and linear
functions (B). (A) Dependencies correspond to (from top to bottom) lipids with acyl
chain length from 14 carbon atoms (14:0 PC) to 19 carbon atoms (19:0 PC). (B) The
following designations are used: 14:0 PC (□), 15:0 PC (△), 16:0 PC (▽), 17:0 PC (○),
18:0 PC (w), 19:0 PC ( ).independent of the acyl chain length the ratio of the volume change to
the enthalpy change at the gel to the liquid-crystal transition of 1,2-
diacylphosphatidylcholines is a uniform descending linear function of
hydrostatic pressure. The function γ(P) can be represented as:
γ Pð Þ = 7:1410−4 MPa−1
 
−1:6210−6 MPa−2
 
P: ð2Þ
It should be noted that at any ﬁxed pressure the volume-to-
enthalpy ratio for all types of lipids is identical at their transition
temperatures, which vary in general. Thus γ(P) for diverse lipids can
differ at identical temperatures and pressures.
The above relation makes it possible to express the transition
temperature for any 1,2-diacylphosphatidylcholine at pressure P by
integrating Eq. (1):
Tm Pð Þ = Tm Patmð Þ exp ∫
P
Patm
γ Pð ÞdP
0
@
1
A≈Tm Patmð Þ⋅ 1 + ∫
P
Patm
γ Pð ÞdP
0
@
1
A;
where Patm is the ambient pressure and Tm(Patm) is the absolute
transition temperature at this pressure. The approximation works
well since ∫
P
Patm
γ Pð ÞdP is a rather low value.
4. Discussion
It is of interest to look at the proximity of the ratio of volume to
enthalpy increments upon main transitions in diacylphosphatidyl-
cholines in light of a possible thermodynamic non-identity of the
initial and ﬁnal states. As known, close to the transition two
phenomena were disclosed which can change the state of lipids
prior to and after the transition. One of them is an anomalous
swelling, a non-linear increase of the lamellar repeat distance upon
lowering the temperature toward Tm [20–24]. As shown in Ref. [22],
the amplitude of irregular increase of the repeat distance drops to the
minimal value ~0.5 Å with the growth of acyl chains to N=18
carbons/chain and retains these values upon their additional
elongation. The authors suggest that the anomalous swelling is
dominated by increased bending ﬂuctuations and an expansion of the
water layer in the vicinity of Tm. This contribution is reduced with
increasing chain length and is not present for N=18. The second
contribution to anomalous swelling is due to a non-linear thickening
of the lipid bilayer. While this factor increases with chain length, due
to the additional hydrocarbon segments, its temperature dependency
does not change signiﬁcantly. Therefore, the residual swelling for
NN18 is due to the bilayer only.
The other phenomenon is the sub-main transition, which occurs
for saturated PCs from acyl chain lengths of 17 to 20 carbon atoms
[25,26]. The sub-main transition is the most cooperative and sharpest
phase transition so far observed in lipid bilayers (half width ~0.15 K)
with enthalpy only a few percent of that of the main transition. It
usually occurs within one degree of the main phase transition. It is
suggested that the sub-main transition for long chain lipids (NN17)
involves a lattice melting whereas the acyl chain melting takes place
at a higher temperature at the main transition. As the acyl chain is
decreased the bilayer density ﬂuctuations near the main phase
transition become stronger corresponding to the approach to the
critical point [27,28]. So, the sub-main transition is simply washed out
by the near-critical ﬂuctuation of the main transition [25].
Thus, in accord with the above phenomena, lipids of different
acyl chain length can have various initial and ﬁnal states. Nonetheless,
dependencies of increments of volumes and enthalpy are a linear
function of the number of carbon atoms N in acyl chain of lipids and
their ratio is practically identical for all diacylphosphatidylcholines.
These phenomena raise two questions about physical competence
of data treatment used and the origin of permanency of the observed
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relation to an intrinsically continuous transition? And second, why
are the above relations retained in spite of the different nature of
transitions?
The answer to the ﬁrst question is positive. Indeed, the Clausius–
Claperyon equation is valid for any of the two states independent of
how many intermediate states are realized between them. Of course,
if the transition temperature and enthalpy are measured correctly.
Taking into account that the enthalpy of the two additional transitions
is much lower than the enthalpy of the main transition and the half-
width of the main transition is rather small, the temperature and
enthalpy of the main transition can be determined quite accurately.
On the other hand, anomalous swelling may not be connected with
the change in the partial thermodynamic volume, excluding its part
which is determined by non-linear thickening of the lipid bilayer. It is
unlikely that the increase of the lamellar repeat distance is dependent
on the formation of any cavities or an essential change in the density
of water between the layers. Besides, an anomalous swelling does not
lead to a signiﬁcant increase in the partial heat capacity upon direct
scanning of lipid preparations by temperature [24]. Thus, it is probable
that the existence of additional transitions prior to and after the main
transition has practically no effect on increments of enthalpy and
partial thermodynamic volume during this transition.
The results of ourwork show that at ambient pressure theγ value for
1,2-diacylphosphatidylcholines is ~(7.14±0.04) 10−4 cm3⋅ J−1. At
200 MPa, γ drops to ~3.9 10−4 cm3⋅J−1. The γ value obtained earlier
at ambient pressure by comparing the data of scanning microcalori-
metry and high sensitive densitometry (7.72 10−4 cm3 J−1) may be
slightly overestimated [1]. Unfortunately in our study of phase
transitions in DPPC [14] by high-pressure microcalorimetry, the γ
value (~6.5 10−4 cm3⋅J−1) is somewhat underestimated due to the
unsuspected inﬂuence of pressure on the temperature detector of the
instrument. This error caused by faulty calibration of the instrument has
been eliminated.
Close or practically identical values of γ for transitions from the P′β
phase to the Lα phase were obtained previously for 16:0 PC (DPPC)
and 18:0 PC (DSPC) [9,11,12]. Practically the same result was obtained
for a number of 1,2-diacylphosphatidylcholines containing linear
saturated acyl chains [10] and for DHPC (1,2-di-O-hexadecyl-sn-
glycero-3-phosphocholine) [12] in an analogous phase transition.
When studying N-methylated dipalmitoylphosphatidylethanolamine
bilayers [11], it was shown that for these lipids (Lβ/Lα), the difference
dTm
dP
and consequently γ can vary by about 20% depending on the
extent of methylation. Approximately the same is the underestimation
of γ in stearoylphosphatidylcholine (SOPC) [9]. Therefore an assump-
tion on the constant character of the ratio of the volume change to the
enthalpy change in transitions of the same type holds true.
The situation changes with varying the type of transition. For
example, the ratio can be reduced almost twice for Lc/Lβ, Lc/Lα and
L′β/P′β transitions [9–13].
Thus, we have established that independent of the acyl chain
length of lipid, the ratio of the volume change to the enthalpy change
γ is a constant value. When the pressure grows, γ changes drastically,
remaining however the same for all lipids. The coincidence of γ for all
diacylphosphatidylcholines through the whole range of pressure
imposes limitations not only on the volume-to-enthalpy changes ratio
per se, but also on the pressure derivative of this value. In its turn, the
derivative depends on such parameters as partial coefﬁcients of
volume expansibility and isothermal compressibility.
It can be shown that γ(P) is always related to apparent coefﬁcients
of isobaric volume expansibility and isothermal compressibility α and
β (see Supplementary material) as follows:
2αTmγ Pð Þ−β= γ Pð Þ +
d lnγ Pð Þ
dP
: ð3ÞHere
α=
1
ΔV
∂ΔV
∂T
 
P
; ð4Þ
β= − 1
ΔV
∂ΔV
∂P
 
T
: ð5Þ
Taking into consideration that the γ(P) function is identical for all
1,2-diacylphosphatidylcholines, α and β for any lipid of this group are
interconnected by the same relation [Eq. (3)]. This fact can be used to
estimate one of the coefﬁcients by the value of the second coefﬁcient
at any pressure. For example, at ambient pressure in accordance with
the γ(P) function [Eq. (2)], relation [Eq. (3)] will be as follows:
1:43αTm−β⋅10
3 = −1:56
while at pressure of, say, 200 MPa it will change to:
0:78αTm−β⋅10
3 = −3:76:
Here α is expressed in K−1, β in MPa−1, and temperature in kelvin.
It should be kept in mind that α and β are not equal to real
increments of coefﬁcients of isobaric volume expansibility ΔαP=αP,2−
αP,1 and isothermal compressibility ΔχT=ΔχT,2−ΔχT,1, but can be
readily calculated from them using the following relations (see
Supplementary material):
ΔαP≈
ΔV
V
α
ΔχT≈
ΔV
V
β:
Here indices 2 and 1 refer to the ﬁnal and initial states,
respectively, and V is the average partial volume of these states. For
increments of isobaric volume expansibility ΔαP and isothermal
compressibility ΔχT, expression [Eq. (3)] will be as follows:
2ΔαPTmγ Pð Þ−ΔχT =
ΔV
V
γ Pð Þ + d lnγ Pð Þ
dP
 
:
It is of interest to discuss the reasons for the identity of γ for
lipids with different acyl chain lengths. As known [29,30], the
enthalpy of gel-to-liquid crystal transitions of lipids is well
approximated by a linear function of the number of carbon atoms
N in its acyl chain.
ΔHN = ΔHCH2 N−NΔH=0ð Þ ð6Þ
where NΔHN=0 is the number of carbon atoms in one acyl chain at
which enthalpy increments turn to zero. This value is probably caused
by the contributions of head group interactions and hydration
changes to transition enthalpy. ΔHCH2 is the incremental transition
enthalpy per methylene group. The persistence of ΔHCH2 may be
connected with thermodynamic equivalency of the newly added
methylene groups.
Volume increment is also a linear function of the number of carbon
atoms, because the ratio increments of volume and enthalpy are
connected by the Clausius–Claperyon equation at the transition
temperature and their ratio is independent of the length of acyl
chains of lipid. For a similar reason the enthalpy and volume
increments become zero at the same acyl chain length. This fact was
mentioned previously in Refs. [31,32]. Thus
ΔVN = ΔVCH2 N−NΔH=0ð Þ; ð7Þ
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group.
Based on the above, a formal reason for invariance of the ratio of
volume to enthalpy increments at the transition temperatures of
diacylphosphatidylcholines with an arbitrary acyl chain length is a
linear dependence of volume and enthalpy increments on acyl chain
length, provided these functions turn to zero simultaneously. Every
new CH2 group contributes equally to the enthalpy and volume of
transition. This might be an evidence that edge effects do not extend
to the central CH2 groups at an acyl chain length of more than 14
carbon atoms.
The ratio of incremental transition volume ΔVCH2 and enthalpy
ΔHCH2 per methylene group also is equal to γ as is seen from Eqs. (6)
and (7).
γ Pð Þ = ΔVN
ΔHN
=
ΔVCH2
ΔHCH2
Another important conclusion on the gel to the liquid-crystal
transitions for any lipids with two saturated acyl chain can be drawn
from our results. Having no remarkable edge effect on the contribu-
tion of newly added CH2 groups to the enthalpy and volume
increments at an acyl chain length more than 14 carbon atoms, the
γ value for lipids with other polar heads is bound to be approximately
the same as in the case of diacylphosphatidylcholines. Unfortunately
there are no experimental results to verify this assumption.
With pressure increase, the ratio of the volume change to the
enthalpy change remains identical for all diacylphosphatidylcholines
though its value decreases. It is obvious that the linear dependences of
denaturation enthalpy and volume on the number of CH2 groups still
exist even at increased pressure, although the contribution of these
groups to the enthalpy and volume may alter.
We should bear in mind that the identity of ratio γ at the transition
point does not mean its identity in the same conditions, particularly at
the same temperature and pressure. Even if pressure is the same,
transitions in different lipids occur at varying temperatures. To
compare them in standard conditions, it is necessary to extrapolate
enthalpy and volume values to these conditions with the use of heat
capacity increments and coefﬁcients of thermal expansibility and
isothermal compressibility.
The authors of paper [4] propose that the reason for the
persistency of γ is that the predominant part of the enthalpy and
volume changes in lipids are due to the internal degrees of freedom of
individualmolecules. Thus, the change in overall enthalpy and volume
is dominated by the sum of the contributions of all molecules rather
than by nearest neighbor interactions and free volume between
molecules. It follows from our argumentation that such an explana-
tion is improbable. If this were the case, the transition itself would not
have taken place. On the other hand, estimations of different
contributions to the melting enthalpy of lipids demonstrate that the
most important molecular energies for the main transition in lecithin
bilayers are not only the rotational isomeric energies but the
hydrocarbon chain interactions as well [29]. As has been mentioned
above, the reason for the persistency of γ is the fact that the newly
added CH2 groups are equivalent thermodynamically and the
enthalpy and volume of transition turn to zero at the same acyl
chain length of lipid because of unbiased relation between them (the
Clausius–Claperyon relation).
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.02.020.
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